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Omeprazole and analogues were studied with respect to their activity as inhibitors of urease
Helicobacter pylori. Conformational analysis was performed according to the method proposed by
Bruni et al. Theoretical descriptors were calculated by an ab initio method (6-31G** basis set). Since
several minimum energy structures were obtained for each compound, and the calculated descriptors
proved to be sensitive to the structural conformation, different criteria were proposed for
conformation selection. Three data sets were generated wherein conformations were grouped
according to minimum heat of formation, minimum electronic energy and structural similarity. For
these three sets, experimental per cent of control was used to develop quantitative structure-activity
models by PLS. Their cross-validation and correlation coefficients were very good (Q*=0.97 and
R*=10.99 on average) and the standard error of validation was much smaller in comparison with
results from the literature. Copyright © 2002 John Wiley & Sons, Ltd.
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1. INTRODUCTION

A major goal in pharmaceutical research is the design of
molecules which can interfere with specific biochemical
pathways in living systems [1]. Studies on chemical structure
at molecular level are important in drug research since they
provide information about electronic, steric, hydrophobic
and polar features of a given drug. These are the features
which determine its interaction with the binding site of a
receptor. Quantitative structure-activity relationships
(QSARs) describe the biological activity of molecules with
pharmacological potential as a function of their structural
properties [2,3].

Computational advances have generated many tools
which are widely used to construct models and representa-
tions of molecular structure [4-6]. The properties and
behaviour of a given molecule or set of molecules are
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simulated using quantum and classical methods [7,8]. These
simulations provide many properties which can be used in
medicinal chemistry and to explain correlations between
structure and activity [9]. In molecular modelling processes,
biological activity is usually studied using a set of
compounds with similar structures. The underlying concept
is that chemical similarity is reflected also in similar
biological activities, i.e. chemically closely related analogues
should be related in their mode of action as well as in their
relative potencies. This fundamental assumption has indeed
been used in medicinal chemistry research and has led to
many valuable drugs [10]. Nowadays, several mathematical
techniques are available which have been used for studying
the relationship between each modelled structure and its
respective properties. Neural networks and genetic algo-
rithms are among the main tools employed in developing
these relationships [11-16].

In this paper, chemometric methods are used to study
omeprazole and some of its derivatives with respect to their
anti-peptic ulcer activity.

Ulcers are small, open craters or sores that develop in the
lining of the stomach or in the duodenum, i.e. the first section
of the small intestine. The term peptic ulcer is generally used
to describe both types. The main cause of ulceration is an
imbalance between gastrointestinal defensive factors (forces
of mucosal resistance) and aggressive factors (velocity of

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 1. Omeprazole decomposition reaction in acidic medium.

Table I. Substituents of compounds with basic structure of Figure 2

Compound R1 R2 R3 R4 R5 R6
1 H OCH3; CH; H CH,OH H
2 H OCH,CHj, CH, H H H
3 H OCH3; CH; H C(CHa)s H
4 H OCH3 H F H H
5 H OCH3; H F H F
6 H OCHj; OCH, H F H
7 H OCH(CHg), CH; H OCH; H
8 H OCHj; CHj; H Five-membered ring” Five-membered ring”
Lansoprazole (Lanso) H OCH,CF; CHj H H H
Omeprazole (Ome) CHj; OCHj5; CH3 H OCHj5; H
O/

~

* ﬁ N
- S__</
N Nm
H

gastric acid secretion) [17]. Many anti-ulcer agents with
gastroprotection and/or anti-secretion effects have been
developed in recent years. Nevertheless, ulcer recurrence
after completion of the treatment is still one of the greatest
problems encountered. This recurrence was considered for a
long time as a natural process inherent to peptic ulcers
[17,18]. The current ‘revolution’ in ulcer treatment occurred
after the discovery of the presence of a small bacterium
called Helicobacter pylori. The importance of this finding is
that, in many cases of H. pylori-positive ulcers, the recurrence
concept has changed significantly. It was observed that
eradication of this bacterium results in a dramatic decrease
in the recurrence rate in patients with this disease [19-24].
Based on these facts, a great variety of anti-H. pylori drugs,
such as antibiotics and antibacterial agents, have been used
in treatments. However, since the development of resistance

which can be easily converted into its corresponding
sulphenamide at low pH [25]. Figure 1 shows the decom-
position reaction of omeprazole (1) to sulphenamide (4).

H. pylori lives in the stomach and requires urease enzyme
to colonize the mucus. The enzymatic breakdown of urea
molecules in gastric juice yields bicarbonate and ammonium
ions which surround the H. pylori, allowing it to pass safely
through the gastric-acid barrier and arrive at the mucus. The
ammonia production increases the gastric mucus pH and
can cause inflammation [26].

According to this mechanism of bacterial action, Kiihler et

Table Il. Experimental values of Kuhler et al. [27]

Per cent of control

Compound K, Kb, logk' t; /> (min) concentration®
by H. pylori and collateral effects associated with these drugs P Plopy PP Bk hy2 (min)
are frequently observed, there is an evident need for 1 47 86 018 60 32
alternative treatments [17]. Omeprazole and some related 2 49 8.8 0.92 54
. . . 3 4.8 9.1 1.55 60 1
compounds have been studied as possible candidates for 4 44 75 026 1380 58
peptic ulcer treatment. Actually, omeprazole is a pro-drug 5 41 76 0.09 1920 80
6 3.8 8.4 1.16 3000 84
7 5.1 8.9 1.22 90 -
R2 8 49 9.4 1.21 70 -
RI AR (@) R4 Ome 40 87 083 1380 64
O N R5 OmeP 4.0 8.7 0.83 55 28
| — g4</ Lanso 3.9 8.7 1.10 780 29
N N
® H R6 2100 pM.

Figure 2. Basic structure of omeprazole and analogues.

Copyright © 2002 John Wiley & Sons, Ltd.

® Omeprazole at pH 6. Omeprazole is a pro-drug, active in acidic
medium.

J. Chemometrics 2002; 16: 510-520
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Scheme 1. Amphoteric characteristics of pro-drugs. The pK,
values are dependent on the electronic properties of the
substituents in the benzimidazole and pyridine rings.

al. [27] studied the structure-activity relationship of ome-
prazole and some analogues with regard to H. pylori
inhibition. Figure 2 shows the basic structure of the
compounds studied, and the various substituents are listed
in Table I. Production of ammonia in urease-positive H.
pylori was compared with ammonia production in urease-
negative H. pylori. After 10min, 1.44mM of ammonia was
formed by urease-positive, but no detectable ammonia was
formed by urease-negative. The effects of omeprazole and
analogue compounds in three different concentrations (1, 10
and 100pM) were tested against urease H. pylori, and the
activity was measured in terms of the per cent of control (%
cont) leading to ammonia inhibition. Inhibition at 1 and
10puM was very low for most of the compounds, so these
concentrations were not used for further analysis. Kiihler et
al. used experimental results (half-lifetime, pK,py, pKap, and
lipophilicity) for modelling the biological activity (% cont).
These experimental properties are reproduced in Table IL
Omeprazole and analogues are optically active, with the
sulphur of the sulphoxide group being the chiral centre
[25,28,29]. These compounds are also amphoteric [27], which
means that charged species will contribute in different ways
to the lipophilicity, according to Scheme 1. The half-lifetime
measured (t,,) corresponds to the conversion rate of pro-
drug (1, Figure 1) into the active sulphenamide (4, Figure 1).
Electronic properties of the substituents of the benzimida-
zole and pyridine rings were described by their contribution
to the pK, values (pK,py and pK,p,, Scheme 1). Lipophilicity

was expressed by
6.72K
e
omeprazole

k/ _ tR - tvoid
tyoid

obtained from contributions to the retention time (tg) , using
omeprazole as the reference compound. According to the
authors [27], steric properties of the substituents R’ and R”
(Scheme 1) were considered to be of minor importance and
thus disregarded.

In the present work, theoretical properties were calculated
and related to the experimental activity values of Kiihler et al.
to find which variables are important for describing the

Copyright © 2002 John Wiley & Sons, Ltd.

activities. The main goal here is to use, besides the
experimental properties, also theoretical properties to
describe the relationship between chemical structure and
biological activities in an attempt to give some insight into
the mechanism of action of these drugs.

2. METHODOLOGY

The compounds in Figure 2 were submitted firstly to
conformational analysis using the semi-empirical PM3
method [30] implemented in the Gaussian 98 program [31].
The new methodology whereby the systematic search is
coupled to principal component analysis (PCA) was per-
formed in all cases [32].

In the traditional systematic search, for a given starting
geometry, the torsion angles are varied by regular incre-
ments [33]. However, it is sometimes impossible to use this
method owing to the enormous combinatorial complexity of
the problem. To perform a grid search in the conformational
space, a series of conformations would be generated by
systematically rotating the torsion angles around the single
bonds between 0° and 360°. For each case the number of
conformations is given by

number of conformations = s" (1)

where N is the number of free rotation angles and s is the
number of discrete values for each rotation angle. This
number is given by 360/0;, with 0; being the dihedral
increment of angle i.

In the new approach introduced by Bruni et al. [32], energy
surfaces are obtained for pairs of angles with free rotation.
The number of conformations is thus given by

N(N —1)
Ty @

number of conformations = s
where s is the same as defined in Equation (1).

One can observe that the number of conformations given
by Equation (1) increases exponentially with the number of
bonds which have free rotation, while from Equation (2) the
number of studied conformations increases quadratically
with N. As the number of free rotating angles increases, the
difference in the number of conformations between these
two equations becomes more evident. After first calculating
the energy surface for each pair of angles, principal
component analysis (PCA) was applied to find the minimum
energy conformations for each molecule.

All the minimum energy structures found for each
molecule were recalculated as a single point by an ab initio
method at Hartree-Fock level using the 6-31G** basis set
[34,35]. The theoretical descriptors used for data analysis
were calculated using the PC Spartan Pro program [36,37]
and can be classified as follows.

1. Physicochemical properties
Heat of formation, calculated by the semi-empirical
PM3 method; electronic energy, calculated as a single
point
at minimum energy by an ab initio method using the
6-31G** basis set; HOMO and LUMO energies; molecu-

J. Chemometrics 2002; 16: 510-520



QSAR study of omeprazole and analogue compounds 513

Conformation A Conformation B Conformation O Conformation D

Bl g ey

Figure 3. Optimized conformations for omeprazole molecule.
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Figure 4. Comparison of omeprazole optimized conformations and X-ray structure.
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Table Ill. Theoretical properties calculated for each conformation

Sample E631G** EPM3 HOMO LUMO Volume Area Ovality LogP_GC Electroneg. Hardness Molar mass
1A —1401.16 —36.80 -0.30 0.10 298.04 353.05 1.64 148 0.10 0.20 331.39
1B —1401.16 —38.49 —-0.31 0.09 297.85 353.64 1.64 1.48 0.11 0.20 331.39
1C —1401.16 —39.03 -0.30 0.09 297.85 354.20 1.64 148 0.11 0.20 331.39
2 A —1326.31 431 —0.30 0.09 289.56 343.81 1.62 —0.04 0.11 0.20 315.39
2B —1326.31 6.97 -0.30 0.10 289.79 343.58 1.62 —-0.04 0.10 0.20 315.39
2C —1326.31 5.25 —-0.31 0.09 289.63 344.45 1.63 —0.04 0.11 0.20 315.39
3 A —1443.41 —-11.29 -0.30 0.10 338.88 397.44 1.69 3.76 0.10 0.20 357.48
3B —1443.41 —13.00 —0.30 0.09 338.70 398.03 1.69 3.76 0.10 0.20 357.48
3C —1443.41 —13.58 —-0.30 0.09 338.70 398.60 1.70 3.76 0.10 0.19 357.48
4 A —1347.08 —25.71 —-0.31 0.09 261.16 313.10 1.58 1.56 0.11 0.20 305.33
4B —1347.08 —25.67 -0.31 0.08 261.10 312.88 1.58 1.73 0.11 0.20 305.33
4 C —1347.08 —2591 —-0.31 0.09 261.12 313.28 1.59 1.73 0.11 0.20 305.33
4D —1347.08 —26.00 —-0.31 0.09 261.09 313.20 1.59 1.73 0.11 0.20 305.33
5A —1445.93 —68.79 -0.32 0.08 266.59 319.87 1.60 1.88 0.12 0.20 323.32
5B —1445.93 —68.78 -0.32 0.08 266.54 319.72 1.60 1.88 0.12 0.20 323.32
5C —1445.93 —69.03 -0.32 0.08 266.56 320.03 1.60 1.88 0.12 0.20 323.32
5D —1445.93 —69.66 —-0.31 0.08 266.52 319.99 1.60 1.88 0.11 0.20 323.32
6_A —1537.83 —30.24 —-0.31 0.08 314.84 376.37 1.68 —-1.77 0.12 0.20 361.39
6B —1537.83 —-29.93 —-0.31 0.08 314.96 377.43 1.69 -1.77 0.12 0.20 361.39
6. C —1537.83 —30.24 —-0.31 0.08 314.84 376.33 1.68 -1.77 0.12 0.20 361.39
7_A —1479.23 —18.66 -0.29 0.09 332.25 395.61 1.71 -0.70 0.10 0.19 359.45
7B —1479.23 —17.63 -0.29 0.10 33243 394.37 1.70 -0.70 0.09 0.19 359.45
7 C —1479.23 —-17.62 -0.29 0.09 332.24 395.00 1.70 -0.70 0.10 0.19 359.45
8 A —1403.22 —3.80 -0.29 0.09 312.41 367.64 1.65 2.95 0.10 0.19 341.43
8B —1403.22 —-3.24 -0.29 0.10 312.60 366.50 1.65 2.95 0.09 0.19 341.43
8 C —1403.21 —-1.52 -0.29 0.09 31241 367.07 1.65 2.95 0.10 0.19 341.43
Lanso A —-1622.87 —145.87 —-0.31 0.08 305.17 361.42 1.65 3.03 0.11 0.20 369.37
Lanso B —1622.88 —146.10 —-0.31 0.08 305.85 364.48 1.66 3.03 0.11 0.19 369.37
Lanso C —1622.88 —144.01 —-0.31 0.08 306.18 363.16 1.65 3.03 0.11 0.20 369.37
Ome_ A —1440.18 —33.49 -0.29 0.10 316.00 375.43 1.67 2.42 0.10 0.19 345.42
Ome_ B —1440.18 -36.19 -0.29 0.09 314.70 372.16 1.66 2.42 0.10 0.19 345.42
Ome C —1440.18 —36.39 -0.29 0.09 314.64 372.39 1.66 2.42 0.10 0.19 345.42
lar hardness; dipole moment; charges from electrostatic 3. RESULTS

potential for all atoms; electronegativity.

2. Steric parameters

Molecular volume; molecular area; ovality.

3. Others

Octanol/water partition coefficient (logP_GC [38]);

molecular weight.

The partial least squares (PLS) method [39-41] implemen-

ted in Pirouette software [42] was used to correlate these

properties with the per cent of control.

Several minimum conformations were obtained for each
compound. In some cases, optical isomers were obtained.
For omeprazole, four such structures were obtained and the
corresponding optimized geometries are shown in Figure 3.
(The authors can be contacted for supplementary material on
the other molecules.)

For better visualization, the experimental X-ray structure
[43] was compared with each of the obtained conformations,
and the results are presented in Figure 4. Figure 4(d) shows
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Figure 5. Scatter plots of logky versus electronegativity and atomic charge of nitrogen in benzimidazole ring.
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Table lll. Continued.

Sample Dip_x Dip_y Dip_z Dip T R1 R2 R3 R4 R5 R6 N(a) N(b)
1A 1.35 —2.52 —0.74 2.95 —043 0.47 -0.29 —-0.33 0.00 —0.34 —0.69 —0.53
1B —0.13 -1.26 —2.52 2.82 -0.51 0.53 -0.19 —0.41 0.05 -0.37 —-0.70 -0.57
1C 2.71 -1.38 1.54 3.40 —0.65 0.62 —-0.33 —-0.36 0.00 -0.33 —0.67 -0.77
2A —1.44 3.09 0.52 3.44 —0.60 0.56 —0.24 —0.38 —0.09 -0.19 —0.67 —0.75
2B —3.54 2.19 0.39 418 -041 0.46 -0.20 —0.34 —-0.10 —-0.18 —0.68 —0.51
2C —4.68 —0.02 —-0.15 4.68 —0.55 0.49 -0.12 —0.36 -0.13 —-0.20 -0.72 —0.68
3A 0.21 —2.12 -3.20 3.84 —044 0.43 -0.29 -0.44 —0.06 -0.29 —-0.70 —0.56
3B -1.52 -0.73 —4.28 4.60 —0.46 0.47 —-0.15 —0.44 —0.06 —-0.28 —0.70 —0.54
3C 1.59 -2.15 —-0.72 2.77 —0.63 0.61 -0.35 —-0.38 —-0.10 -0.27 —0.68 -0.78
4 A 1.10 —0.65 —247 2.78 —0.60 0.80 —0.83 0.27 —0.33 —0.12 —0.61 —0.68
4B —4.70 1.32 0.11 4.88 -0.57 0.75 -0.82 0.33 -0.39 -0.07 -0.59 -0.70
4C —0.06 —2.02 2.53 3.24 —0.68 0.82 —-0.83 0.37 —041 —0.08 —0.59 —-0.81
4D —4.25 1.81 3.04 5.52 —-0.61 0.81 -0.87 0.27 —-0.35 -0.14 —0.65 -0.72
5A 2.52 -1.98 —1.16 341 —0.60 0.79 —0.81 0.34 —0.53 0.44 —0.56 —0.66
5B -3.13 2.16 1.54 4.10 —-0.61 0.81 —-0.88 0.40 —0.62 0.52 -0.59 -0.72
5C 1.08 -1.69 3.81 4.31 -0.72 0.83 —-0.82 0.34 —0.54 0.47 —0.57 —-0.82
5D -2.14 2.80 423 5.50 —0.63 0.80 —0.84 0.35 —0.56 0.45 —0.64 —0.74
6A 1.18 2.77 1.56 3.39 —0.68 0.60 —0.23 —0.51 0.44 —0.39 —0.66 —0.75
6B -0.81 3.25 0.05 3.35 —0.66 0.54 -0.07 -0.51 047 —0.44 —0.68 -0.72
6C —0.46 2.62 2.08 3.38 —-0.70 0.61 —0.25 —0.56 047 —0.39 —0.66 —0.76
7_A 2.20 —241 -1.18 3.47 -0.76 0.65 -0.32 —0.53 047 -0.41 —0.66 —-0.81
7B 1.82 -3.32 -3.13 4.92 —0.64 0.56 —-0.30 —0.53 049 —0.45 —0.68 —-0.61
7C —0.24 —4.33 —3.46 5.55 —-0.58 0.53 -0.19 —0.56 049 -041 —0.68 —-0.56
8 A —0.02 2.19 1.28 2.54 —0.64 0.63 —0.35 —0.41 —0.01 —0.05 —0.64 —-0.76
8 B —1.60 2.34 245 3.75 —-0.50 0.49 -0.32 —0.40 0.00 —0.06 —0.67 —-0.60
8C —3.69 0.51 2.84 4.68 —-0.48 049 —-0.15 —0.42 —-0.01 —0.02 —0.63 —0.55
Lanso_A 1.95 -3.19 -1.77 413 —-0.49 045 —-0.09 —0.31 -0.15 —-0.18 —0.69 —-0.67
Lanso_B —2.00 —-1.83 —2.73 3.85 —0.58 0.49 —0.25 —0.32 —0.14 —-0.15 —0.67 —0.72
Lanso_C —4.34 0.92 —0.98 4.55 —-0.50 0.50 —-0.28 -0.26 -0.17 -0.14 -0.57 -0.57
Ome_A -0.73 —4.22 -3.23 5.37 0.05 0.21 —-0.18 —0.51 049 —0.44 —0.66 —0.46
Ome B 0.58 -3.85 0.23 3.90 -0.19 0.35 -0.16 —0.51 0.48 —043 —0.65 -0.71
Ome_C 1.78 445 —0.61 4383 —0.04 0.26 -0.11 —0.54 0.50 —0.49 -0.72 —0.58

that conformation D and the X-ray structure are practically
superimposed and can be considered as being the same. On
the other hand, conformation B is practically the mirror
image of the X-ray structure (Figure 4(b)). Consequently, it is
expected that conformation B is the enantiomer of con-
formation D; this is confirmed when both conformations are
compared in Figure 4(e). In conclusion, three minimum
conformations for omeprazole have been obtained, since
enantiomers have identical chemical properties except
towards optically active reagents.

Properties calculated theoretically are listed in Table III
and were compared with the experimental properties (Table
II). Firstly, the theoretical properties were compared with the
lipophilicity expressed as logky. The most significant
correlations were found with properties such as volume,
area, ovality and molecular mass, which is expected, since kj
is a function of the retention time. As the molar mass
increases, the rate of transfer through the column becomes
slower and thus the retention time increases. Similar
reasoning can be applied for molecular volume and area.
These properties are intrinsically dependent on the struc-
ture, i.e. on the arrangement of atoms in space (except for the
molecular mass). These results show that the steric proper-
ties, in terms of theoretical interpretations, are very
important. Another observation is that the experimental
lipophilicity does not show a good correlation with the
calculated logP_GC [38]. This occurs owing to the fact that,

Copyright © 2002 John Wiley & Sons, Ltd.

for polar molecules, the theoretical values calculated for the
octanol/water partition coefficient (logP) must be corrected
to the apparent partition coefficient values logD [44], where
P =D (1 4 10P""PX) Since in this case there are experimental
values for lipophilicity available, no further correction was
made to the calculated logP to build the QSAR models.
Besides the good correlation between k'y and steric proper-
ties, it is expected that electronic properties must also
influence the retention time values. Figure 5 shows scatter
plots of the electronegativity and atomic charge of nitrogen
versus logky. From these plots it is possible to observe the
scattering of electronic properties with respect to different
minimum energy structures obtained for each compound,
even though in each case there is at least one conformation of
minimum energy near the diagonal. For instance, the values
of electronegativity and charge for nitrogen in the benzimi-
dazole ring calculated for the three structures of omeprazole
(ome_A, ome B and ome_C) change significantly from one
conformation to another. Most electronic properties show
large scattering among the samples. This observation
emphasizes the importance of structural determination. All
the minimum structures found for compounds are energe-
tically very similar (less than 1.0kcal mol™" different).
However, the electronic properties calculated can be
extremely sensitive to the structural variation.

Regarding atomic charges in the basic structure, it was
observed that those of carbon at R4, R5 and Ré6 in the

J. Chemometrics 2002; 16: 510-520
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Table IV. Selected conformations and selection criterion used for each set

Set Criterion for structure selection Corresponding structures
1 Heat of formation (PM3) 1.C2A,3C,4D,5D,6C,Lanso B, Ome C
Electronic energy (6-31G**) 1.C 2B,3C 4C,5C, 6C, Lanso B, Ome B
3 Structural similarity 1C 2A,3C 4C,5C,6A, Lanso_B, Ome B
* * * EIES * * *
b= + + * +
o + * +
& - » * - -
M S I F +3 4 P
logk'D 112 phapy pHakbz

Figure 6. Scatter plots of experimental properties versus activity (% cont) (data from Reference [27]).

benzimidazole ring (Scheme 1 and Figure 2) are less sensitive
to structural changes and present a low correlation with
lipophilicity. As the electron affinity of the substituent is
increased, the charge at the corresponding ring position
increases as well. Consequently, the retention time of the
compound will be lower. All calculated properties were
compared with the half-lifetime measured experimentally.
Except for one compound (number 6; Figure 2 and Table I),
the half-lifetime presents a considerable correlation with the
atomic charges at R4, R5 and R6. Correlations can still be
obtained between calculated and experimental variables
PKapy and pK,p,, (Scheme 1). Atomic charges of carbon at R1,
R2 and R3 and nitrogen N(b) in the pyridine ring do not
show a good correlation with the pK

apy
occurs for pK,p,, except for nitrogen N(a) in the benzimida-

values. The same

zole ring, where some correlation is observed if the
scattering of samples is not taken into account. Properties
such as volume, area and ovality are better correlated with
PKap, than with pKp,.

Based on the observations already discussed, it may be
concluded that there is a need to select one of the obtained
structures for each compound in different groups in order to
eliminate the scattering of the properties. Three different
criteria are suggested.

1 Compounds selected according to the heat of formation.
For each compound, only the conformation with the

smallest heat of formation, calculated by the PM3
method, will be selected, making set 1.

2 Compounds selected according to the electronic energy
calculated by the ab initio method at Hartree-Fock level
using the 6-31G** basis set. Although there is some
correlation between heat of formation and electronic
energy values, it cannot be said that the smallest heat of
formation corresponds to the smallest electronic energy.
This will be set 2.

3 Compounds selected according to their structural
similarity. For all compounds were found, as a result
of conformational analysis, very similar conformations.
These conformations are not always the conformation of
least energy and therefore they form a different group
(set 3).

Table IV shows the selected conformations for the eight
compounds (1-6, omeprazole and lansoprazole) in each set
according to the specific criteria mentioned above. Note that,
for some compounds (1, 3 and Lanso), exactly the same
conformations were chosen and so the same properties were
used in all three cases.

Figure 6 shows the relationship between experimental
variables and the per cent of control. The half-lifetime (t;,5),
which is best correlated with % cont, shows clearly that, as
the time needed for interconversion of each drug is lower in
the respective sulphenamide, the activity will be higher as
well. The other three variables are negatively correlated with

10 08 06 04 02 00
| | 1 | |

10 06 06 04 02 QD
| | | | |

10 08 06 04 02 00
| |
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Figure 7. Dendograms of activity (% cont) and atomic charges at key positions in basic structure.

J. Chemometrics 2002; 16: 510-520



Table V. Total % variance, standard error of validation, cross-
validation and correlation coefficients for PLS models

Model Lat. var. Cum. % var. SEV @ R
1 LV1 63.06 13.57 0.80 0.88
LV2 81.41 11.11 0.87 0.97
LV3 97.13 4.78 0.97 0.99
LV4 99.70 12.53 0.84 0.99
2 LV1 65.93 8.57 0.91 0.93
LV2 88.21 7.05 0.95 0.99
LV3 96.03 5.85 0.96 1.00
Lv4 98.86 6.31 0.96 1.00
3 LV1 63.12 10.98 0.86 0.90
LV2 84.15 8.15 0.93 0.98
LV3 96.83 4.46 0.98 0.99
LV4 98.96 8.35 0.92 0.99
Literature [27]* LV1 53.94 11.20 0.84 0.92
Lv2 76.20 10.21 0.87 0.94
LV3 91.58 9.30 0.91 0.97
Lv4 100.00 8.18 10.93 0.98

*Leave-one-out cross-validation.

% cont. For theoretically calculated properties it is observed
that the correlation profile with % cont can vary significantly
in all three sets. Electronic properties show the highest

Table VI. Predicted activities (per cent of control) and residuals
for PLS models

Model Sample  Exp. (% cont) Pred. (% cont) Residual
1 1 32.0 25.0 7.0
2 8.0 12.3 —43
3 1.0 3.6 —-2.6
4 58.0 56.7 1.3
5 80.0 80.7 -0.7
6 84.0 85.9 -1.9
Lanso 29.0 27.7 1.3
Ome 28.0 28.1 -0.1
2 1 32.0 30.1 1.9
2 8.0 7.3 0.7
3 1.0 4.2 —-3.2
4 58.0 56.5 1.5
5 80.0 81.2 -1.2
6 84.0 84.7 -0.7
Lanso 29.0 28.2 0.8
Ome 28.0 27.7 0.3
3 1 32.0 26.2 5.8
2 8.0 13.3 -5.3
3 1.0 14 —-04
4 58.0 55.8 22
5 80.0 81.9 -1.9
6 84.0 84.6 —0.6
Lanso 29.0 279 11
Ome 28.0 28.9 -0.9
Literature [27]* 1 32.0 27.0 5.0
2 8.0 9.7 -1.7
3 1.0 -1.1 2.1
4 58.0 68.4 -10.4
5 80.0 82.1 -21
6 84.0 74.7 9.3
Lanso 29.0 40.8 —11.8
Ome 28.0 33.0 -5.0
Ome® 64.0 49.2 14.8

@ Results for one PC.
® Omeprazole at pH 6.
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variation from one set to another. Hierarchical cluster
analysis (HCA) [45] applied to % cont and atomic charges
at key positions in the basic structure helps in the
visualization of correlations among them. Atomic charges
of carbon at R1 and R3 and nitrogen N(b) in the pyridine ring
and of carbon at R5 in the benzimidazole ring are not
correlated with % cont (see Figure 7). The correlation among
atomic charges differs when the data set is changed (even
though the three sets have three compounds in common).
Comparing the dendograms for data sets 1 and 2, where the
criteria for selecting the conformations were heat of forma-
tion and electronic energy respectively, large changes occur,
especially in the benzimidazole ring. Atomic charges in both
rings are affected when considering the heat of formation
and structural similarity for originating the data sets (Figure
7).

These three data sets, together with the experimental
properties [27], were used to build QSAR models for
modelling the biological activity (% cont) using PLS. It is
worth commenting at this point that a QSAR model of good
predictive quality could be obtained with the autoscaled
data set from Tables II and III (X =(26,27), leave-two-out
cross-validation) using four latent variables (72.9% of total
variance, R>=0.98, Q*=0.94 and standard error of valida-
tion SEV =7.10). This model would consider, besides the
experimental data, all the electronic and steric contributions
from the calculated descriptors. However, it should be
pointed out that, besides good prediction, interpreting and
understanding which structural features affect the biological
activity is an important issue in QSAR, especially from the
chemical point of view. It is not an easy task to interpret such
a model which includes different conformations for the same
compound and all 27 descriptors. With this in mind, we took
the option to build separate models for the three different
sets and to compare them. In order to reduce the number of
features considered during the model building, the descrip-
tors were analysed for each set, and those containing little
useful information (correlation coefficient smaller than 0.7)
were removed. Once the variable selection was complete,
three models were developed using a common set of
variables. Below are the selected descriptors for PLS
modelling;:

LUMO electroneg. Dip Z t;5 pKapy

Here LUMO is the energy of the lowest occupied molecular
orbital; electroneg. is the electronegativity, defined as the
mean value of the ionization energy (IE) and electron affinity
(EA) (electroneg. =1(IE+ EA)) and approximated as
—1(HOMO + LUMO); Dip Z is the z co-ordinate of the
molecular dipole moment; and the last two descriptors are
experimental variables defined previously (see Figure 6 for
their correlation with % cont). Only the calculated electronic
properties proved to be important among those recom-
mended (lipophilic, steric and electronic). The negative
correlation of unoccupied molecular orbital energy with %
cont indicates that some electron density transfer is in
question. The smaller the reciprocal of electron affinity (EA
or —LUMO), the stronger is the characteristic of a molecule
as an electron acceptor and the greater is % cont. The

J. Chemometrics 2002; 16: 510-520
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Figure 8. Measured versus predicted per cent of control (% cont) by PLS models in the cross-validation step.

opposite is true for the electronegativity, proportional to %
cont.

The data set was autoscaled prior to the analysis, and
leave-two-out cross-validation was used to validate the PLS
models. Since omeprazole is a pro-drug that becomes active
in acidic medium, its per cent of control at pH 6 was used.
Structures corresponding to compounds 7 and 8 were
removed from data set and used as an external prediction
set.

Table V shows the results obtained in the modelling step.
The literature model [27] for structure-biological activity
was also reproduced using the experimental values from
Table II for comparison. The authors stated that only the first
latent variable was significant according to cross-validation,
and the predictive power of the model was good (R? = 0.92).

Considering these results together, it is observed that the

Table VII. Regression coefficients for PLS models using three

LVs
Model LUMO Electroneg. Dip_Z ti2 PKapy
1 -0.10 0.01 0.52 0.33 -0.37
2 —0.15 0.13 0.49 0.26 —0.27
3 -0.09 0.10 0.48 0.33 -0.35
Model logko t1/2 PKapy PKabz
Literature [27]* —0.20 0.42 —0.32 —0.32

% One LV.

Copyright © 2002 John Wiley & Sons, Ltd.

literature model has a different behaviour from the other
models where theoretical descriptors were included. In the
theoretical models there is clearly observed a minimum SEV
for a three-factor model, while for the model from the
literature the error decreases until the fourth component.

It can be seen in the third column of Table V that the total
per cent variance described by three latent variables (LVs) is
above 96% in the three models built in this work, while the
literature model with only one LV describes only 54% of the
original information.

Table VI shows the predicted versus experimental
activities for all models. The values in bold type correspond
to those samples which have errors within a 10% range for
each model. For model 1, samples 1-3 are predicted outside
this range. Only compound 3 in model 2 and compounds 1-3
in model 3 had predicted activities higher than 10%.
However, for the literature model the residuals are sig-
nificantly higher, and only one sample was predicted with
an error smaller than 10%.

When models 1 and 3 are compared, it is observed that the
same samples of small residuals are reproduced. Figure 8
shows the experimental versus predicted activities (during
the internal validation step), where it is easy to note the
scattering of the compounds for the literature model.

According to Table VII, for the three models that include
theoretical variables, the z co-ordinate of the molecular
dipole moment (Dip_Z) is the variable which contributes
most to the model, followed by the half-lifetime and pKoyy.
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Table VIII. Predicted activities for compounds 7 and 8

Model Sample Pred. (% cont)
1 7 —6.8

8 15.7
2 7 —6.5

8 145
3 7 -10.5

8 11.8
Literature [27] 7 0.1

8 —43

For the literature model, as the authors stated, the half-
lifetime is the most important variable, while logkj is the
least important.

These four models were used to predict the per cent of
control for compounds 7 and 8. The results are shown in
Table VIII. The three models built in this work showed the
same trend and predicted both compounds as potent
inhibitors, with compound 7 being the more active. The
literature model also predicted both compounds as potent
inhibitors, but with opposite trend, with compound 8 being
the more active.

It is not an easy task to choose the best model, since the
predictions for samples 7 and 8 were very close in value.
However, in model 2, where the samples were selected
according to minimum electronic energy, most of the
compounds that describe all the activity levels (active,
intermediate and non-active) were predicted with an error
smaller than or equal to 10%. Therefore it is possible to say
that model 2 expresses better all the activity levels.

4. CONCLUSIONS

In this work it is clearly shown that conformational analysis
and the definition of some criterion to choose the best set of
conformations among those with minimum energy are
crucial when establishing SAR/QSAR models using theore-
tically calculated descriptors, since they can be dependent on
the molecular structure. It is shown that, despite all
minimum conformations having similar energetic values,
some calculated properties can be very sensitive to the
structural variation.

Upon including theoretical variables to develop QSAR
models, the residuals are smaller and the predictive ability is
significantly improved compared with literature results. In
this work the variables selected were the same for all three
models.

It is clear from this study that the electronic properties are
dependent on the way in which the atoms of a given
compound are distributed in space, i.e. on the molecular
conformation. Electronic properties, especially LUMO en-
ergy and electronegativity, proved to be important in
modelling the per cent of control, indicating that strong
molecular interactions are involved. Finally, it is not possible
to say that steric properties are not relevant, although they
did not prove to be well correlated with the per cent of
control for the data sets in question.

Copyright © 2002 John Wiley & Sons, Ltd.
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